Objective: We investigated T cell responses to myelin proteins in the blood of healthy controls and 2 groups of patients with relapsing-remitting multiple sclerosis (RRMS) who exhibited lesions either predominantly in the brain or predominantly in the spinal cord in order to assess whether distinct neuroinflammatory patterns were associated with different myelin protein-specific T cell effector function profiles and whether these profiles differed from healthy controls.
Inflammatory lesions and plaques of demyelination are hallmark features of multiple sclerosis (MS). Most patients with relapsing-remitting MS (RRMS) exhibit lesions disseminated predominantly in the brain. In up to 5% of patients with RRMS, however, lesions are localized primarily within the spinal cord instead of the brain. 1, 2 Spinal cord lesions often affect motor function and mobility, typically resulting in a higher degree of disability. 3 In experimental autoimmune encephalomyelitis (EAE), several studies have linked different immune mediators with preferential induction of brain vs spinal cord inflammation. For example, expression of neutrophil chemoattractants induced by interleukin 17 (IL-17) signaling has been associated with brain inflammation, 4, 5 while interferon gamma (IFN-g) signaling has been shown to promote spinal cord inflammation. 6 We previously demonstrated that parenchymal brain inflammation in EAE was enhanced when the ratio of IL-17-secreting T cells (Th17 cells) to IFN-g-secreting T cells (Th1 cells) infiltrating the CNS was $1. When the Th17:Th1 was #1, parenchymal inflammation was largely restricted to the spinal cord. 7 Therefore, we hypothesized that the Th17: Th1 ratio of myelin protein-specific T cells may influence the extent of lesion burden in the brain vs spinal cord in patients with MS. While previous comparisons between healthy controls (HCs) and patients with MS of the frequency of myelin antigen-specific IFN-gand/or IL-17-producing T cells in peripheral blood mononuclear cells (PBMCs) have been contradictory, [8] [9] [10] [11] [12] [13] [14] no study has investigated T cell responses to myelin antigens in patients stratified according to neuroinflammatory patterns. We investigated the frequency of T cells secreting these cytokines following stimulation with myelin basic protein (MBP) or myelin oligodendrocyte glycoprotein (MOG) in PBMCs from patients with RRMS who had lesions localized predominantly in the brain or the spinal cord. Strikingly, the cytokine responses differed when triggered by exposure to different myelin antigens, and the combined responses to both myelin antigens defined distinct T cell signatures that distinguished patients with MS who had different neuroinflammatory patterns. These results suggest that regional lesion localization may be associated with myelin-specific T cells with different properties.
METHODS Patients and HCs. Cryopreserved PBMCs were obtained from the Immune-Mediated Disease Registry maintained at the Benaroya Research Institute (BRI) 15 from patients with RRMS exhibiting lesions primarily in the brain ("brain-predominant," n 5 29) or predominantly in the spinal cord ("spinal cord-predominant"; a total of 16 matching our criteria were available in the registry) based on MRI at the time of blood draw. Only patients with MRI lesions typical of MS in morphology and location (infratentorial, juxtacortical, periventricular, spinal cord) 16 were included (see No differences between patients with MS who had brain-predominant vs spinal cord-predominant lesions were seen in the distribution of 33 different HLA-DRB1 alleles (including HLA-DRB1*1501 and DRB1*0401) and 15 HLA-DQB1 alleles that are routinely analyzed when patients enter the registry (data not shown). Only patients who were within 5 years of diagnosis of MS and not treated with disease-modifying agents for at least 3 months before time of blood draw were selected for the study. Historically, only 3 brain-predominant patients and zero spinal cord-predominant patients had ever been on immune-modifying therapy. Only 3 brain-predominant and 2 spinal cord-predominant patients exhibited clinical signs at time of blood draw. Neuromyelitis optica was ruled out in spinal cord-predominant patients based on lesion characteristics observed on MRI; patients with spinal cord lesions affecting .3 spinal cord segments were excluded. Consistent with a diagnosis of MS, all spinal cord-predominant patients exhibited some brain lesions. Age-, ethnicity-and sex-matched HCs (n 5 45) had no history of autoimmunity or signs of infection at time of blood draw. Demographics of the patients and controls including Expanded Disability Status Scale scores are shown in table e-1. Standard protocol approvals, registrations, and patient consents. Written informed consent was obtained under protocols approved by the institutional review board at BRI before inclusion in this study.
Enzyme-linked immunosorbent spot assays. All assays were performed in a blinded manner. Ninety-six-well plates (MSIP4W10; Millipore Corp., Billerica, MA) were coated with 3 mg/mL anti-IFN-g (clone MD-1) or anti-IL-17A (clone eBio64CAP17) antibodies (eBioscience, San Diego, CA). PBMCs were thawed at 37°C, resuspended in roomtemperature fetal bovine serum, overlaid with phosphatebuffered saline, pelleted, washed, and resuspended in complete RPMI (Roswell Park Memorial Institute medium) media with 10% human serum. PBMCs were plated at 5 3 10 5 cells/well (IFN-g assay) or 1 3 10 6 cells/well (IL-17A assay) either alone (background) or with 50 mg/mL human MBP (cat. no. MO689; Sigma-Aldrich, St. Louis, MO), 50 mg/mL recombinant human MOG (residues 30-154, cat. no. 228-11134-3; RayBiotech, Norcross, GA), or tetanus toxoid (5 mg/mL; Astarte, Bothell, WA). Myelin antigen-specific responses were assayed in triplicate, media alone, and tetanus toxoid-specific responses in duplicate, and single wells of PBMCs were stimulated with anti-CD3/anti-CD28 antibodies (5 ng/mL; eBioscience). Plates were incubated for 24 (IFN-g) or 48 (IL-17A) hours at 37°C, washed, and incubated with biotinylated detection antibodies (eBioscience) for 1 to 2 hours, followed by streptavidin alkaline phosphatase (cat. no. 7100-04; SouthernBiotech, Birmingham, AL) for 1 hour. Plates were developed using the Vector Blue AP substrate kit (Vector Laboratories, Burlingame, CA); spots were counted and analyzed using the CTL ImmunoSpot analyzer (Cellular Technology Ltd., Shaker Heights, OH). Background spots were subtracted before calculating the frequency of specific spots. In some experiments, PBMCs were incubated with 10-50 mg/mL of pan-MHC class I blocking antibody (clone W6/32; eBioscience) or 10 mg/mL of anti-HLA-DR (clone L243) and anti-HLA-DQ (clone SPVL3) on ice for 30 to 60 minutes before adding myelin antigen. Low interassay variance was demonstrated by repetitive analyses of 10 HCs for their responses to tetanus toxoid in 4 independent assays. Quadruplicate values for the 10 HCs had an R 2 range from 0.85 to 0.95, with a mean correlation R 2 value of 0.91 (Spearman rank coefficient correlation), demonstrating very good replication of results.
Statistics. Analyses were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). The Mann-Whitney test was used to compare frequencies of myelin-specific cells and ratios of Th17:Th1 cells between groups. A Wilcoxon test was used for interantigen comparisons of Th1 and Th17 responses from the same patients. Two-way analysis of variance with Tukey multiple comparison test was used for MHC class I-and class II-blocking experiments. To test for normal distribution, a D'Agostino and Pearson omnibus normality test was utilized. A p value of ,0.05 was considered to be statistically significant. A multiple imputation procedure 17 was used to address the missing MOG-specific cytokine values in the logistic regression models, and 95% confidence intervals for these models were calculated from a nonparametric bootstrap (resampling) procedure. 18 RESULTS MBP-specific Th1 but not Th17 responses differ between subsets of patients with MS. To test our hypothesis that myelin antigen-specific Th17:Th1 ratios would differ for patients with MS who had brainpredominant vs spinal cord-predominant lesions, we analyzed PBMCs from HCs and patients with RRMS who exhibited lesions either predominantly in the brain or in the spinal cord (see methods and table 1 for patient classification). All patients were within 5 years of diagnosis of MS and the average number of years since first experiencing a symptom associated with MS was similar for the patient subsets: 5.9 years for the brainpredominant group and 5.2 years for the spinal cordpredominant group. We analyzed PBMCs in a blinded manner using enzyme-linked immunosorbent spot to determine directly ex vivo the number of cells that secreted IFN-g and IL-17 following stimulation with MBP. A significantly higher frequency of MBP-specific IFN-g 1 cells was detected in brain-predominant patients compared to both HCs and spinal cord-predominant patients ( figure 1A) . Unexpectedly, few PBMCs from the patients with spinal cord-predominant MS produced IFN-g in response to MBP. Approximately half (7/16) of the spinal cord-predominant patients generated no MBP-specific IFN-g 1 response above background, even though comparable IFN-g 1 responses to stimulation with tetanus toxoid or anti-CD3/CD28 antibodies were observed among all groups (figure e-1). The number of MBP-specific spots was reduced 46% to 78% when PBMCs were preincubated with pan anti-human MHC class IIblocking antibodies, but no decrease was observed following preincubation with pan-MHC class Iblocking antibodies (figure e-2), indicating that the myelin antigen-specific responses detected in these assays reflect CD4
1 T cell activity. No correlation was seen between the number of MBP-specific spots and spots detected after anti-CD3/CD28 stimulation, indicating that variation in T cell number among PBMC samples did not influence quantification of antigen-specific responses. Of note, the frequency of MBP-specific IL-17 1 cells was not different among the 3 groups ( figure 1B) . Therefore, the MBP-specific Th17:Th1 ratio was significantly higher for patients with spinal cord-predominant MS compared to both patients with brain-predominant MS and HCs because of the minimal MBP-specific IFN-g 1 response observed for the spinal cord-predominant patient group ( figure 1C) . specificities in Th17 cells, while Th17 cells were predominantly MBP-specific among patients with brainpredominant MS. These data reveal group-specific differences in the effector T cell responses elicited by distinct myelin proteins.
Effector T cell responses distinguish patients with spinal
cord-predominant from brain-predominant MS. To determine whether particular cytokine responses performed best in discriminating between our patient and HC groups, we performed pair-wise comparisons of antigen-specific responses for all individuals who were analyzed with both myelin antigens. Plotting the frequency of MBP-specific IFN-g 1 vs MOG-specific IL-17 1 cells for each individual was most effective in separating the data points belonging to spinal cordpredominant patients from brain-predominant patients (figure 4A), highlighting these antigen-specific, effector T cell responses as being the most disparate between these 2 subsets of patients with MS.
We then generated logistic regression models, which compare 2 groups by generating for each individual in a group a single summary value, or "optimal marker" that optimizes the separation between the groups. Here, the optimal markers for each individual are derived from their MBP-and MOG-specific IFN-g 1 and IL-17 1 responses. We employed the widely used bootstrap variance methodology to generate values for MOG-specific responses for subjects who were analyzed only for MBP responses because of lack of additional PBMC samples. 18 Receiver operating characteristic analyses were performed that determine the true-positive rates and false-positive rates of group assignment based on the optimal markers generated by the models. T cell responses to MBP and MOG provide a good means of discriminating between patients with spinal cord-predominant vs brain-predominant lesions, and that these responses might also distinguish patients with spinal cord-predominant MS from HCs. The responses were less robust in discriminating between patients with brain-predominant MS and HCs. DISCUSSION We hypothesized from our studies in EAE that differences in effector T cell frequencies would be observed between subsets of patients with MS that were stratified according to their lesion burden in the brain vs the spinal cord, and that this Figure 3 The relative frequencies of MBP-and MOG-specific T cells differ among Th1 and Th17 effector subsets Neurology: Neuroimmunology & Neuroinflammationstratification may be necessary to observe differences in effector T cell frequencies between patients with MS and HCs. To test our hypothesis, we selected patients for analyses of cytokine responses in whom lesions were localized predominantly in the brain or in the spinal cord based on MRI. Our data provide the first evidence that the regional localization of lesions within the CNS in patients with MS is associated with different effector T cell responses to myelin proteins. Specifically, a low frequency of MBPspecific Th1 cells and a higher frequency of MOGspecific Th17 cells were associated with spinal cord-predominant compared to brain-predominant patients with MS in this study. Consistent with our hypothesis, there is no significant difference in myelin antigen-specific T cell responses if we combine the data from our 2 MS patient populations into one group and compare it to HCs (figure e-3).
Our finding that MBP and MOG elicited different effector T cell responses in both MS patient subsets and HCs was unexpected but may explain discrepancies in earlier studies that used different myelin antigens to stimulate PBMCs. Of note, individuals within a group exhibited a similar pattern of responses are shown for all HCs (blue circles), patients with brain-predominant MS (red squares), and patients with spinal cord-predominant MS (green triangles) for whom responses to both myelin antigens were determined. (B) ROC analyses were performed to determine how well a diagnostic test using the optimal markers generated from each logistic regression model performed in separating the 2 groups being compared. ROC curves were generated by plotting the TPR vs the FPR as the optimal marker threshold setting is varied. The gray line in each graph represents the results that would be obtained if the test provided no discrimination between groups, i.e., TPR 5 FPR regardless of the optimal marker value assigned as the threshold that divides the 2 groups. The area under each ROC curve increases as the ability of the test to discriminate between groups increases. responses to each myelin antigen, and these patterns differed for the 2 subsets of patients with MS. The ability of myelin antigen-specific T cell responses to distinguish these cohorts of patients with MS who had spinal cord-predominant lesions from patients who had brain-predominant lesions was illustrated by the receiver operating characteristic analyses of logistic regression models that incorporated all of the T cell response data. These analyses indicated that the ability to distinguish spinal cord-predominant vs brain-predominant MS was good, and the ability to distinguish patients with spinal cord-predominant MS from HCs was fair. Of note, discrimination between the HCs and patients with brainpredominant MS was the weakest. It will be important to conduct similar studies on additional patients with MS stratified according to their neuroinflammatory patterns. The MBP-specific IFN-g 1 response was the most influential measure in determining the optimal marker values generated by the logistic regression models for each 2-group comparison, consistent with the fact that the MBP-specific IFN-g 1 responses exhibited the greatest differences among the 3 groups. Paradoxically, patients with MS who had brainpredominant lesions exhibited significantly higher MBP-specific IFN-g 1 responses compared to HCs while the MBP-specific IFN-g 1 responses of patients with MS who had spinal cord-predominant lesions exhibited the opposite patterns and trended lower (p 5 0.069) compared to HCs, highlighting the difference in T cell signatures seen in this study between patients with MS who exhibited distinct neuroinflammatory patterns. While other CNS antigens have been implicated in MS, these perturbations in myelin protein-specific T cell frequencies observed in MS patient subsets support a role for these T cells in contributing to disease pathogenesis.
One question that arises from our studies is whether T cell responses detected in PBMCs are indicative of effector T cell activity within the CNS, or whether peripheral T cell responses reflect the inverse of T cell activity within the CNS because the CNS acts as a "sink" for pathogenic T cells. A significantly higher frequency of myelin-specific IFN-g 1 T cells was found in the CSF compared to PBMCs in patients with MS 10, 12, 19 ; however, comparisons need to be performed for multiple antigen specificities in individual patients to determine whether there is an inverse relationship or direct correlation between frequencies of peripheral vs CSF myelin-specific T cells. It is of interest that patients with spinal cord-predominant MS exhibited a higher Th17:Th1 ratio compared to patients with brainpredominant MS for both myelin antigen specificities, although the ratio was influenced by different factors for each myelin protein. Our EAE studies showed that a lower Th17:Th1 ratio preferentially promoted spinal cord parenchymal inflammation, but this finding was based on T cells isolated from the CNS rather than the periphery. Therefore, if peripheral T cell responses in humans represent the inverse of responses that would be found in the CNS due to a "sink effect," our findings in humans would be similar to those in mice with EAE.
The key finding from our study is that we identified T cell cytokine signatures based on production of IFN-g and IL-17 by MBP-and MOG-specific T cells in PBMCs that were associated with patients with MS exhibiting different neuroinflammatory patterns. The higher Th17:Th1 ratio for both MBP-and MOG-specific T cells in patients with spinal cordpredominant MS could reflect differences in the nature of the pathogenic immune response that leads to different neuroinflammatory patterns in patients with MS. Alternatively, the local environment in the brain vs spinal cord may favor expansion of certain effector T cells specific for particular antigens over others. Future studies of new cohorts of patients with MS are warranted to confirm and extend the T cell signatures that we have described here. The ability to distinguish between patients with MS who have predominantly spinal cord vs brain lesions based on peripheral responses to myelin antigens would be valuable in the clinical setting if the type of neuroinflammatory pattern that a patient will develop can be predicted at the time of disease onset or in response to therapy. As spinal cord involvement in MS is a predictor of disability independent of the extent of brain involvement, 3 prediction of increased lesion burden in the spinal cord may be beneficial. Further understanding of the relationships among T cell effector function, antigen specificities, and lesion sites may provide new insight into the pathogenic mechanisms that shape neuroinflammatory patterns in patients with MS.
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